A fifteen-month fortnightly survey of microbial health risk indicators and pathogens has been carried out at 25 freshwater recreational and water supply sites distributed throughout New Zealand, for: E. coli, Clostridium perfringens spores, F-RNA bacteriophage, somatic coliphage, human enteroviruses, human adenoviruses, Cryptosporidium oocysts, Giardia cysts, Salmonella and Campylobacter. Sites were selected to represent five geographical areas covering New Zealand and five categories of predominant environmental impact: birds, dairy farming, forestry/undeveloped, municipal, and sheep/pastoral farming. Six of the sites were also source waters for treated drinking-water supplies. Of the indicators, E. coli was detected in 99 % of all samples, with somatic coliphage being detected most of the time (89 %). Of the pathogens tested, Campylobacter and human adenoviruses were inferred to be the most likely to cause human waterborne illness to recreational freshwater users. Using data from all sites, an estimated 5 % of notified campylobacteriosis cases in New Zealand could be attributable to water contact recreation. The critical value for E. coli as an indicator of increased Campylobacter infection is in the range of 200 -500 E. coli per 100 ml. This result has been used to derive new national water quality guidelines for recreational fresh water in New Zealand.
INTRODUCTION
Management of health risks for recreational users of fresh waters has focused on faecal health indicators (E. coli, faecal coliforms and enterococci), using relationships derived from a small number of epidemiological studies (Prü ss 1998; WHO 2003) . These serve to index both health risks and the possible presence of pathogenic material.
There are three strong practical reasons for indexing health risk to bacterial indicators: (i) particular pathogens may only occasionally be present whereas, in many fresh waters, the indicator tends to be present most of the time suggesting that faecal material is also often present; (ii) pathogen enumeration is generally expensive and time-consuming, whereas indicator enumeration is relatively cheap; and (iii) a relationship between health risk and indicator concentration is available. However, focusing exclusively on indicators in this manner may not take adequate cognizance of the pathogen profile for local conditions, especially when one notes that the epidemiological studies and monitoring programmes seldom include direct pathogen assessments, and that the freshwater epidemiological studies were mostly performed in one country (the USA).
For example, pathogen contamination in the rural New Zealand landscape can be expected to be dominated by zoonotic agents such as Campylobacter or Cryptosporidium.
In contrast, the waters for which epidemiological studies were conducted were mainly impacted by human sewage. doi: 10.2166/wh.2008.071 Such concerns were made clear in a survey of the regional water resource management agencies (Pyle 1995) , in which respondents emphasised the need for freshwater guidelines based on local New Zealand conditions, to help in managing recreational activities in those waters. Their opinions were fuelled by the widespread incidence of elevated concentrations of faecal indicators, mostly in areas impacted by agricultural activities (Smith et al. 1993) . Concerns have become more pressing since then, given further analyses of the impacts of agriculture on water quality (Parkyn et al. 2002) and the country's increasing burden of reported zoonoses (Till & McBride 2004) .
Funding for a Freshwater Microbiological Research
Programme (FMRP) was obtained to derive recreational freshwater guidelines suitable for New Zealand conditions, extending work reported by Savill et al. (2001) . For technical reasons, and because there was a need to develop pathogen profiles for New Zealand waters (as noted above), an epidemiological approach using bacterial indicators was ruled out (McBride et al. 1996 ) -despite the fact that swimmers' health studies had been carried out for New Zealand coastal beaches, with some success (McBride et al. 1998 ). Instead, the programme's efforts focused on a nationwide survey of ten pathogens and indicators at 25 freshwater sites sampled fortnightly over a 15-month period, thus capturing two summer seasons. These sites are mostly used for recreational uses (swimming, water skiing), and some are also used as source waters for community water supplies.
The results have been used to gain a better understanding of the pathogen content of recreational waters, and have been used in a quantitative health risk analysis for campylobacteriosis to derive new national freshwater recreation water quality guidelines (MfE/MoH 2003) . Full details of the results are available in an accessible report .
In addition, the results have provided the basis for calibration of a spatially referenced GIS-based model of pathogen loads over the whole New Zealand landscape, using the SPARROW modelling system already successfully calibrated for nutrient loads Alexander et al. 2002; Elliott et al. 2005) .
Programme oversight was via a multi-agency Management Group, aided by a Risk Analysis Working Group.
Peer review of the project design, progress and analysis was a key feature.
METHODS

Preliminary survey
A preliminary survey was mounted at three sites in May -August 1998 to validate field and laboratory testing methods to be used ( Figure 1) . The sites were selected as representative of relatively un-impacted bathing waters, waters impacted by animal waste material, and waters impacted by human waste material. Sampling was conducted twice daily (at about 1100 and 1400 hours) on each of 10 days. These surveys included enumerative methods for the following faecal indicators (Escherichia coli, Clostridium perfringens spores, enteroviruses (also a pathogen), somatic coliphage, and F-RNA phage) and pathogens Laboratories are located at the four cities shown. The preliminary survey was conducted at site QA and downstream of sites CA and OC. Site names and summary information are given in Table 1. (Salmonella, Campylobacter, Giardia cysts, Cryptosporidium oocysts, and presence/absence of human adenoviruses and human enteroviruses).
Microbiological methods in the full survey
The evaluation of suitable methods was made by Ball (1997) .
The most suitable methods were trialled in the preliminary survey (Till 1998) . The following methods were used for the main study. The concentration of E. coli was determined in 100 ml samples using Colilert w Quantitray MPN (IDEXX Laboratories Ltd). Clostridium perfringens spores were enumerated by membrane filtration on TCS-Fluorocult agar following heat shocking at 758C for 15 minutes.
Campylobacter were enumerated using a 2 stage MPN (3 £ 100 ml, 3 £ 10 ml, 3 £ 1 ml) in Preston's Broth which was incubated for 48 hours at 428C after which 10 ml of broth were subcultured into Preston's Broth and incubated for a further 48 hours at 428C. The presence of thermotolerant Campylobacter spp. was determined by PCR using the primers and PCR conditions described by Eyers et al. (1993 Eyers et al. ( , 1994 . Salmonella was enumerated by MPN (filter concentration of 1 £ 500 ml, 3 £ 100 ml, 3 £ 10 ml) by resuscitation in buffered peptone water at 358C/16 hours followed by selective enrichment in RSV and Selenite Cystine broths at 42 and 358C respectively for 24 hours and screened using TECRA ELISA. The presence of Salmonella was confirmed biochemically after 358C/24 hour incubation of ELISA-positive broths on XLD agar and serologically.
Somatic and F-RNA coliphages were enumerated using the single layer plaque assay using E. coli WG5 (Grabow & Coubrough 1986 ) and S. typhimurium WG 49 (Havelaar & Hogeboom 1984) hosts, respectively. Viruses were concentrated from 10 L samples using positively charged Virusorb 1MDS filters followed by elution and nucleic acid extraction using Boehringer Mannheim High Pure viral nucleic acid extraction kits. Portions of the pellet were analysed for human enteroviruses by RT-PCR using the method of Greening et al. (1999) , and for human adenoviruses by PCR using the method of Puig et al. (1994) . Giardia cysts and Cryptosporidium oocysts were enumerated in pellets obtained following on-site concentration of 100 L volumes using CUNO Microwynd cartridge filters which were subsequently macerated using the method of USEPA (1995), concentrated by immunocapture, stained with fluorescent-labelled monoclonal antibody (USEPA 2001), and examined microscopically for (oo)cysts.
As the differences between the morning and afternoon samples in the preliminary survey tended to be small, the main survey used a single grab sample on each of the sampling days.
The test volumes were optimized in the preliminary survey and resulted in the following detection limits being used in the main survey: E. coli, 1 /100 ml; C. perfringens spores, 1 /100 ml; F-RNA and somatic phages, 1 /100 ml; Campylobacter 0.3 /100 ml; Salmonella, 1.2/100 ml. MPN tables for Salmonella and for Campylobacter were constructed using occupancy theory (McBride et al. 2003; McBride 2005) .
Results for viruses were expressed as detected/not detected per litre, and presence/ absence of (oo)cysts were expressed as detected/not detected per 100 litres. Details of these methods are available in the programme's manual (Donnison 1998a, b) , available from the authors.
Samples were analysed within 24 hours of collection by four nationally recognised laboratories, as shown on 
Site selection and sampling
The main survey was conducted at 25 recreational and water supply sites ( Figure 1 
Statistical modelling
Pearson's product-moment correlation coefficient (r) and
Spearman's rank correlation coefficient (r s ) were both used to assess correlations between microbial variables (the Turbidity and flow were never included together in a model, because they are strongly correlated; their inclusion does account for some seasonality. Logarithms were taken of the concentration data, to minimize the right-skew of their distributions. Logistic models were constructed for the dichotomous (present/absent) virus variables. All calculations were performed using the "Linear Models" feature in Data Desk (Velleman 1997) . Candidate explicatory variables were judged to be important if their associated p-values for a null hypothesis test were less than 0.05.
Quantitative microbial risk assessment
The standard four-step microbial risk assessment paradigm was used: exposure assessment, hazard identification, doseresponse assessment, and risk characterization (Haas et al. 1999 ). The last step used Monte Carlo models, constructed on the @RISK platform (Palisade Corporation 2000).
Calculations were performed for infection risk, rather than for illness risk, taking the view that minimizing infection risk can be expected to reduce illness risk.
The particular hazards identified in this study were
Campylobacter and the two virus groups. Herein we report only the Campylobacter assessment, because it has formed the basis of revised recreational water quality guidelines BetaPERT distributions were used for duration of exposure and for the volume of water ingested or inhaled per hour, ignoring any correlation between these variables.
The minima, modes and maxima of these distributions were set at 1/4, 1/2, 2 hours; and 10, 50 and 100 ml, respectively procedure has been used, as depicted in Figure 2 . The internal bin boundaries were selected such that each bin contains two MPNs with occurrence probabilities greater than 0.2. A distribution was then fitted to the frequencies of the data in each bin -generally a negative binomial distribution (often its special case, the geometric distribution). In the Monte Carlo sampling, a random sample was drawn from that distribution to select a bin, and then, to obtain the desired result, a further random sample was taken from a uniform distribution defined between the floor and the roof of that bin. Note that while the maximum data p Other potential influences impacting on source water were assessed if they were less than 2 km upstream of a site. Because the sampling points were selected at recognised recreational sites, toilet facilities were available at all the D, S and F sites-usually in the form of septic tank disposal. that in this case the third assumption must be relaxed, because for this bacterium the probability r varies between individuals (Medema et al. 1996) . Accordingly, r is replaced by a beta distribution, with shape and scale parameters a and b, resulting in the exact dose-response curve given by This problem has been obviated by adopting an alternative strategy in which a consistent approach has been adopted for the analysis of the health risk posed by the three pathogens:
rather than exposing a single individual to a mean dose of the pathogen on each Monte Carlo exposure-day, we expose many individuals to known doses on each exposure-day. In fact, it is highly desirable to adopt this approach for highly infectious particles such as adenoviruses (with median infective mean dose less than 2 particles (see Haas et al. 1999) ) in order to Figure 3 . Importantly, the conditional doseresponse curve for Campylobacter rises steeply from the origin, but has a much gentler upward slope once the median infective dose is attained -accounting for the immune status of a minority of participants in the trial. This degree of slope reduction is much less pronounced in the simple exponential model, because its single parameter r does not account for differential immune status.
Risk profiles were calculated for two target populations:
(i) all at different sites, (ii) all at the same site. Campylobacteriosis illness rates were assumed to be one half of the calculated infection rates (Ani et al. 1988; Figueroa et al. 1989 ). Random travelling was assumed, in that any person has an equal probability of visiting a site -not an unreasonable assumption given the propensity of New Zealanders to travel widely during the bathing season. (iv) the Salmonella detection rate was only 10 %, and was highest in August, and in catchments dominated by sheep farming; (v) the detection rates of Giardia and Cryptosporidium were very low (8 % and 5 % respectively) and these cysts were strongly dissociated; (vi) there was a lack of correlation between viruses and phages, and between viruses and C. perfringens spores; (vii) correlations between data collected within the bathing season were very similar to those obtained using all the data. Table 1 ). Results for Salmonella not shown, because only 10% of samples were positive. These general patterns are summarized in Table 6 . 
RESULTS AND DISCUSSION
Variation over time
Statistical modelling
The main results from an extensive series of models are shown in Table 7 . Their most striking feature is that catchment type and turbidity (or flow) are the most important explicatory variables. We had expected that turbidity would be better than river flow as an explicatory variable, because it picks out the rising limb of a flood where contamination, at least in smaller streams, is most often much higher than at the same flow on the falling limb (Muirhead et al. 2004) . In fact the analysis found little difference between flow and turbidity as explicatory factors.
The result for Campylobacter is notable, in that if E. coli is included as a variable it has an important association with the Campylobacter concentration. This effect differs strongly between catchment types and also seasonally (tending to be higher in the bathing season). E. coli also shows this pattern when Campylobacter is used as a variable in the model. This is at least partly explained by the pattern seen in the correlations: those between Campylobacter and E. coli are poor in catchment types where Campylobacter concentrations tend to be low, but are higher when
Campylobacter concentrations are high.
Risk assessment
While six pathogens were assayed (Campylobacter, adenoviruses, enteroviruses, Salmonella, Giardia cysts and Cryptosporidium oocysts), only the first three occurred often enough to be used for risk modelling. The end result of this analysis is a set of risks for two target populations: a) individuals using a particular recreational site; and b) the population at large using a multitude of sites. Results for these two cases, summarized in Table 8 , are quite different.
In the former case (a) the risk to an individual is usually 
CONCLUSIONS
The recognition of the high prevalence of recreational activity occurring in New Zealand's waterways resulted in the desire of the Ministries for the Environment and Health in collaboration with regional councils to assess the microbiological status of, and develop scientifically defensible recreational water quality guidelines for, fresh waters. This was the impetus for this survey, which is the first comprehensive survey of indicator organisms and pathogens in New Zealand surface waters. Inter-agency cooperation regarding the collection and timely delivery of samples to the laboratories was fundamental to the success of the survey, as was the care taken in the choice and application of methods by the laboratories carrying out the analyses.
With the exception of Campylobacter, there was poor correlation between indicator organisms and pathogens in water from the sites surveyed. Many of the microorganisms displayed markedly different seasonal variation across the sites. Furthermore, most pathogens were not distributed evenly across the catchment types surveyed. This means that it may not be appropriate to apply the same guidelines to all catchment types.
The widespread occurrence of Campylobacter spp., and human enteroviruses and adenoviruses in fresh waters has highlighted the potential significance of waterborne disease acquired following recreational activity in New Zealand's waterways. This is particularly so for Campylobacter, which was detected at all sites and in 60 % of samples, sometimes at high concentrations -the upper limit of analysis of 110 MPN/100 ml was exceeded in 6 % of samples. The contribution of swimming-acquired campylobacteriosis is estimated at 5 % of cases. This is substantial given that about 400 campylobacteriosis cases per 100,000 population are notified annually in New Zealand, which is the greatest notified rate of campylobacteriosis in the developed world.
The high degree of correlation between E. coli concentration and Campylobacter has been used to formulate the acceptable limits used in the New Zealand, Microbiological
Water Quality Guidelines for Marine and Freshwater
Recreational Areas (MfE 2003) .
The high prevalence of enteroviruses and adenoviruses in water from all of the catchment types surveyed highlights the need to assess the potential health risks arising from virus-contaminated drinking-water supplies. However, improved methods for identification and quantification of viruses in source waters are required before a virus standard for drinking water can be developed.
